Background: The relationship between changes in endocardial cushion and resultant congenital
lead to a large variety of malformations. The expression of environmentally-induced CHDs, including maternal exposure to alcohol, [4] [5] [6] drugs, 7 hypoxia, 8, 9 and viral infections 1,10 also present quite differently from individual to individual. In addition, many common CHDs can be triggered by a genetic mutation or environmental factor. 1, 11 These facts suggest that CHDs may be caused by the complex interplay between genetics and environment.
The intersection of genetic and environmental forces in the etiology of CHDs may lie in the simplistic concept of how they alter blood flow.
This theory of alterations in blood flow leading to CHDs was first proposed in the 1970s by Fishman et al. 12 This study demonstrated that restricting blood flow to the left ventricle in fetal lambs, resulting from either left ventricular inflow or outflow tract obstruction, gives rise to hypoplastic left heart syndrome. 12 Other studies demonstrated that the fetal ventricle is sensitive to afterload, such that small changes in aortic pressure or afterload have negative effects on left ventricular stroke volume. 13 Changes in afterload in the fetal ventricle also led to decreased blood flow through the left ventricle, resulting in hypoplasia. 13 Recently, studies have demonstrated that abnormal fetal blood flow through the developing heart can affect cardiac formation much earlier in development. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] For example vitelline vein ligation in avian embryos at looping stages altered blood flow in the tubular outflow tract and induced ventricular septal defects, semilunar valve anomalies, and pharyngeal arch artery malformations. 18 Other studies have applied conotruncal banding and atrial ligation to establish the connection between early blood flow and fetal cardiac formation. 14, [17] [18] [19] 24, [26] [27] [28] These hemodynamic forces may exert their effects on heart development through regulation of mechanosensitive gene and protein expression (e.g., KLF2), which forms a feedback loop by influencing resultant cardiac structure and hemodynamics. 17, [20] [21] [22] [23] [24] Despite these new findings, limited information exists as to how, when, and to what degree the developing cardiovascular system is most vulnerable to abnormal cardiac function. Establishing the causality between abnormal embryologic hemodynamics and CHDs requires improved tools for both perturbing and monitoring in vivo embryos.
Previous methods to perturb fetal hemodynamics (e.g., conotruncal banding, 16, 24, 26, 27, 29 vessel ligation 14, 17, 18 ) lacked precision as well as repeatability, and they caused gross, nonphysiologic hemodynamic changes. Unfortunately, electrical pacing, a common tool to study cardiac dynamics, is invasive when applied to the early looping heart (e.g., requires direct contact with the heart which may damage these delicate tissues). It has therefore not been employed as a perturbation tool. One alternative to surgical or obstructive methods for controlling hemodynamics in live embryos is optical pacing (OP). The technique of using infrared light to stimulate compound action potentials was pioneered in nerves. 30 OP is a similar method that utilizes pulsed infrared light directed on the myocardium to initiate cardiac contraction. Jenkins et al. demonstrated reliable cardiac OP in quail embryos over a range of developmental stages without producing signs of damage to the tissue. 31 Since this initial report, OP has been demonstrated in a variety of animal models. 32, 33 The specific mechanisms for OP to cause cardiac conduction has yet to be defined, but an induced thermal gradient appears to produce the desired effect. 34 Both altered membrane capacitance 35 and mitochondrial calcium transients 36 have also been implicated as causes. OP has the potential to overcome the limitations of previous perturbation techniques because it is noninvasive, repeatable, precise, and can mimic hemodynamic anomalies present in CHDs.
In this experiment, OP increased regurgitation in the embryonic quail heart at stage 14 (looping heart prior to the development of cardiac cushions), while optical coherence tomography (OCT) measured the level of regurgitation and the resultant heart morphology at stage 19 (looping heart with cardiac cushions) and 34 (four-chambered heart). 
| Optical coherence tomography (OCT)
OCT achieves range-gated subsurface microscopic imaging of biological samples by use of low-coherence interferometry. 38 It has high spatial 
| Experimental methods
Pacing Experiments Stage 14: Quail embryos were cracked into shellless cultures and placed into our incubator equipped with OP and OCT.
The pacing laser was focused on the inflow tract of the heart. Embryos were paced at 180 beats per minute (bpm), or 3 Hz, for 5 minutes. The intrinsic heart rate at this stage is 60-110 bpm. Heart rate was con- and fixed in formalin. Hearts were then optically cleared using ClearT as previously described. 43, 44 Each heart was imaged with OCT, and the raw data converted to image files with Matlab and visualized with Amira. All heart images, control and paced, were given in a blinded fashion to a Pediatric Cardiologist with expertise in fetal echocardiographic interpretation for review. after pacing for dead and living embryo populations at day 8 were compared using a Student's t-test with a 95% confidence interval.
| RE SULT S
We first examined how an interval of rapid OP alters blood flow patterns in the embryonic quail heart at day 2 (stage 14) of development. pacing there is a large amount of regurgitant blood flow, which is a common finding when the heart is paced well above its intrinsic rate.
One hour after pacing, the forward flow in the heart has recovered, yet a large amount of regurgitant flow remains. Increased regurgitation lasted for at least an hour after pacing ceased in all paced embryos.
The heart volumes were imaged with OCT 24 h after pacing was performed. Figure 4 illustrates the 2-D slices of a control and paced heart on day 3 (stage 19). The control heart maintains a normal atria To determine how these abnormal cushions would affect further development, embryos were paced and allowed to mature to day 8 (stage 34), when the quail heart is fully septated. The embryos with the largest regurgitant flow fraction, which correlated to the smallest endocardial cushions, had a high mortality rate between days 4 and 8 ( Figure   6 ). The reduced cushion volumes indicate that hemodynamic changes can influence structure formation even after the insult has been withdrawn.
Paced embryos that survived to day 8 were imaged with OCT. To enable imaging through the entire heart, the hearts were optically cleared. 43, 44 All images of the hearts were interpreted by an expert echocardiographer. All 7 controls were identified as normal, while only one paced embryo was considered normal. Figure 7 shows a control and several examples of paced embryos with CHDs. Table 1 displays the defects observed in all day 8 hearts that were paced. One paced embryo died just before day 8, but was intact and suitable to be imaged for analysis. Of the 18 hearts that survived to be imaged on day 8, 17 had at least one defect, and many were found to have more than one defect. The majority of defects identified have been previously linked to endocardial cushion defects. These hearts were all within the lower end of increased regurgitant flow seen in Figure 5b , but still displayed easily recognizable and clinically significant heart defects. This finding suggests that even slight increases in regurgitant flow may contribute to the formation of CHDs.
| DISCUSSION
In this study, we have demonstrated altered hemodynamics in wildtype avian embryos, through increased regurgitant flow, proceeds and likely leads to decreased endocardial cushion size and clinically relevant CHDs. It has been previously published that retrograde flow acts as an important factor for endocardial cushion development. 45 Due to the fact that endocardial cushions form the AV valves and some of the atrial and ventricular septa in the mature heart, numerous CHDs may originate from abnormal formation of these cardiac cushions. To understand the relationship between regurgitant flow and CHDs, we must be able to accurately and precisely perturb blood flow, quantify the hemo- Each of these studies examines a piece of the puzzle, from creating hemodynamic changes, to observing the regurgitant blood flow or shear stress, to the resulting CHDs. However, none of these studies were able to investigate all areas with a cohesive model, nor could they quantify the regurgitant flow and cushion defects. We built on this work by using more precise hemodynamic monitoring techniques, and quantifying cushion formation, and following the embryos to fully formed four-chambered hearts. We have also demonstrated a new perturbation technology (OP) which might overcome some of the previous
Examples of pacing-induced CHDs. A. Control 8 day heart. B. Paced heart with tricuspid atresia, indicated by arrow. C. Paced heart with tricuspid atresia (small arrow), severely hypoplastic right ventricle with hypertrophy, dysplastic mitral valve (large arrow). D. Paced heart with dilated, thin-walled, and hypoplastic right ventricle, and an Ebsteinoid tricuspid valve (arrow). E. Paced heart with a common atrioventricular canal, with tricuspid valve (small arrow), mitral valve (long arrow), and atrioventricular septal defect (fat arrow) at the same level limitations, which involved structural and nonphysiologic changes.
With the unique combination of OP and OCT imaging, we can now quantify functional and morphological measurements in stages ranging from the tubular to the four-chambered heart. Furthermore, these results confirm a strong correlation between regurgitant flow in the tubular heart, abnormal endocardial cushion development, and clinically significant cardiac defects.
As OP is a newer method that can be utilized for controlling hemodynamics, we were careful to include experiments that would exclude components of the pacing itself as causes for defects. The temperature controls confirm that it is not the increased temperature that causes changes to the endocardial cushions. The controls paced slightly above their intrinsic rate likewise demonstrate that the light or pacing itself do not cause changes to the endocardial cushions. Furthermore, the amount of increased regurgitant flow is strongly correlated to decreasing endocardial cushion size and congenital heart defects. There may be additional forces at work contributing to these changes, such as altered myocardial contractility, but the full extent of this contribution could not be ascertained in this study.
It is important to establish that our pacing-induced defects are physiological relevant. Here, we show the similarities of pacing-induced defects with our prenatal alcohol exposure and cardiac neural crest cell ablation models (see Figure 8) . 4, 48 The first column shows controls; the second, embryos exposed to ethanol during gastrulation (prenatal alco- This combined OP and OCT system has proved to be a reliable method for exploring effects of regurgitant flow on CHDs, However, there are drawbacks to this design. Light-tissue interactions are complex, and though the controls and experimental design were created to limit known variables, it is impossible to exclude all other facets of these interactions as causal to these results. The intent of pacing is to increase the heart rate, and other physical forces, such as myocardial stretch and depleted energy stored in the myocytes, may be contributing to these results. The largest limitation is inherent to the OCT imaging system. OCT has a penetration depth of only a few millimeters.
Therefore this type of imaging with its current technological restraints cannot be used in a placental animal model. 
| CONCLUSION
We have noninvasively increased regurgitant flow in vivo in tubular hearts in a consistent quantifiable fashion, and the amount of regurgitant flow inversely correlates with the subsequent formation of abnormal endocardial cushions. These abnormal endocardial cushions then lead to clinically relevant CHDs in a four-chambered avian model.
Moreover, increased regurgitant flow is common among multiple disease models, indicating that it may be an underlying pathology for
CHDs.
FIG URE 8
Comparison of pacing-induced cardiac defects with fetal alcohol syndrome (ethanol exposed) and velo-cardio-facial syndrome/ Digeorge (cardiac neural crest cell (CNCC) ablation) models. A-D are representative day 3 3D OCT reconstructions. The control embryo (A) displays normal cranial and cervical flexures and a relatively straight trunk. Ethanol-exposed (B), CNCC-ablated (C), and paced (D) embryos lack proper cranial and cervical flexures and exhibit an S-shape twist of the whole body, which may be the beginning signs of scoliosis, a comorbidity of CHDs. E-H are representative day 3 pulsed-Doppler traces. The horizontal line delineates forward (above) and regurgitant (below) flows. Control embryos (E) always have a notch indicated by the orange arrow and mild regurgitation (white arrow, 1%-3%). PulsedDoppler waveforms from the ethanol-exposed (F), CNCC-ablated (G) and paced (H) embryos often have reduced or absent shoulders (yellow arrows) and significantly increased retrograde flow (white arrows). I-L show day 3 cross sections of the heart, with the atrioventricular (AV) cushions (valve precursors) separating the primitive atrium and ventricle (white arrows). The control heart (I) displays large AV cushions, while those of the ethanol-exposed (J), CNCC-ablated (K) and paced (L) hearts are distorted and much smaller. M-P show the resultant heart morphology at day 8, with mitral leaflets outlined in red and blue. Valves are thicker at this stage of development than at maturity. The ethanol-exposed (M), CNCC-ablated (N), and paced (O) hearts show unusual morphology and coaptation of the leaflets. The paced heart (P) demonstrates severe right ventricular hypoplasia, tricuspid atresia, and a malformed mitral valve. We believe altered hemodynamics is a contributing factor in all three models and explains the similar phenotypes. Altered hemodynamics leads to smaller cardiac cushions, which develop into abnormally shaped valve leaflets. A, atrial region; V, ventricular region; LA, left atrium; RA, right atrium; LV left ventricle; RV, right ventricle FORD ET AL.
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